Highly ordered sodium-free titanate nanotube films were one-step prepared on F-doped SnO 2 -coated (FTO) glass via an electrophoretic deposition method by using sodium titanate nanotubes as the precursor. It was found that the self-assembled formation of highly ordered sodium titanate nanotube films was accompanied with the effective removal of sodium ions in the nanotubes during the electrophoretic deposition process, resulting in the final formation of protonated titanate nanotube film. With increasing calcination temperature, the amorphous TiO 2 phase is formed by a dehydration process of the protonated titanate nanotubes at 300
Introduction
Among various oxide semiconductors, titania appears promising and important for the use in environmental purification due to its strong oxidizing power, nontoxicity and long-term photostability [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In addition to the conventional photocatalytic activity, photoinduced superhydrophilic properties of two-dimensional (2D) TiO 2 thin films have attracted much attention in recent years [11] [12] [13] . By utilizing the superhydrophilic surface of TiO 2 thin films, we can develop antifogging or self-cleaning glass, mirrors, and other ecological building materials [14, 15] . However, the further enhanced photoinduced hydrophilicity is necessary for practical uses. To achieve this goal, great attentions should be focused on the textural design of the 2D TiO 2 thin films.
Recently, titanate-based films have been intensively investigated due to the large specific surface areas and unique structural features [16] [17] [18] [19] [20] [21] [22] [23] . For example, Tian et al. [16] reported a simple hydrothermal and seeded growth process to fabricate titanate nanotube film by directly immersing Ti substrate in concentrated NaOH solution for certain time. Tokudome and Miyauchi [17] developed a layer-bylayer growth technique to prepare thin titanate nanotube films. Nevertheless, the construction of the titanate nanotube films with controllable textures is still remained as a great challenge, and alternative techniques for films are highly desirable. Recently, electrophoretic deposition (EPD) was successfully developed to fabricate various thin-film materials [18] [19] [20] . There are many advantages of this technique over other deposition methods. For example, higher deposition rate can be easily achieved with a quick deposition, in addition to its reproducibility of deposition. It is also an efficient technique to control the thickness and morphology of the films by controlling current or potential. Specially, the EPD has a flexibility of depositing films on different shapes and sizes and can be extended to a large scale for commercial applications. Another advantage of this method is that it can be carried out at room temperature, thereby reducing the possibility of deterioration of the surrounding.
Here, we developed the EPD method for constructing ordered titanate nanotube films using preformed titanate 2 International Journal of Photoenergy nanotubes as raw materials. The effects of calcination temperatures on the surface morphology, microstructures, as well as the properties of superhydrophilicity were studied. It was demonstrated that the calcination of those titanate nanotube films above 300
• C converted into ordered TiO 2 nanorod films with attractive photoinduced superhydrophilicity.
Experimental

Preparation of Samples.
Sodium titanate nanotubes were prepared according to our previous reported methods [24, 25] . TiO 2 source used for the titanate nanotubes was commercial-grade TiO 2 powder (P25, Degussa AG, Germany) with crystalline structure of ca. 20% rutile and ca. 80% anatase and primary particle size of ca. 30 nm. In a typical preparation, 1.5 g of the TiO 2 powder was mixed with 140 mL of 10 M NaOH solution, followed by hydrothermal treatment of the mixture at 150
• C in a 200 mL Teflonlined autoclave for 48 h. After hydrothermal reaction, the precipitate was separated by filtration and washed with distilled water for three times. The washed samples were dried in a vacuum oven at 80
• C for 8 h. Ordered titanate nanotube films were deposited on FTO glass using a modified EPD technique [18, 20] . The pH of electrolyte solution is adjusted to about 9.0 using ammonia. The isoelectric point of titanate nanotubes was about 5.5, which was lower than that of electrolyte solution. Therefore, titanate nanotubes are negatively charged particles at pH 9. During EPD, the cleaned FTO glass was kept at positive potential (anode) while pure silver (Ag) foil was used as counter (cathode) electrode. The EPD was carried out at a voltage of 10.0 ± 0.10 V (current up to 0.01 A), and deposition time was 20 min. Subsequently, the coated films were rinsed with distilled water, dried in air, and calcined at 300, 400, 500, and 600
• C in air for 1 h, respectively.
Characterization.
Morphology observation was performed on S-4800 field emission scanning electron microscope (FESEM, Hitachi, Japan). X-ray diffraction (XRD) patterns were obtained on a D/MAX-RB X-ray diffractometer (Rigaku, Japan). Transmission electron microscopy (TEM) analyses were conducted with a JEM-2010F electron microscope (JEOL, Japan). X-ray photoelectron spectroscopy (XPS) measurements were done with a Kratos XSAM800 XPS system; all the binding energies were referenced to the C1s peak at 284.8 eV of the surface adventitious carbon.
Hydrophilicity Test.
The sessile drop method was used for the measurements of water contact angle (θ) on the surface of as-prepared films with a contact angle meter (JC2000A, China) [14, 15] . The droplet size used for each measurement was 3 μL. Water droplets were placed at five different positions of each film, and the average value was adopted as the contact angle.
Hydroxyl Radical Analysis.
The formation of hydroxyl radical (•OH) on the surface of photoilluminated asprepared films was detected by photoluminescence (PL) technique using terephthalic acid (TA) as a probe molecule. TA readily reacts with •OH to produce highly fluorescent product, 2-hydroxyterephthalic acid (TAOH) [26, 27] . PL spectra of generated TAOH were measured on a Fluorescence Spectrophotometer (F-7000, Hitachi, Japan) using a excitation wavelength 315 nm at a scan speed of 1200 nm min
with the PMT voltage of 700 V. The width of excitation slit and emission slit was 1.0 nm.
Results and Discussion
Figure 1(a) shows the SEM image of the as-prepared titanate nanotube powder prepared by a hydrothermal process, indicating that the titanate nanotube shows a diameter of 7-15 nm and a length of several hundred nanometers. The TEM image (inset in Figure 1(a) ) clearly indicates that the as-prepared nanotubes possess a uniform inner and outer diameter along their length. The corresponding XRD pattern of the titanate nanotubes is shown in Figure 2 (a).
The diffraction peak at around 10
• is due to the layered structure of nanotubes along their radial direction, while other diffraction peaks at around 24
• , 28
• , and 48
• are related to the sodium titanate phase. Therefore, the as-prepared sample can be ascribed to sodium titanate nanotubes.
When the sodium titanate nanotubes were deposited on the surface of FTO substrate by EPD method, it is interesting to find that the as-prepared films show an ordered assembled structure of the nanotubes along their long-axis direction (Figure 1(b) ). Moreover, in addition to the diffraction peaks of FTO, only one diffraction peak at ca. 10
• can be observed and other peaks at ca. 24
• are completely disappeared (Figure 2(b) ). This indicates that the phase structure of the nanotubes is changed while the layered structure of nanotubes is well preserved after EPD. To further investigate the phase structure and element composition of the ordered films, XPS analysis was performed and shown in Figure 3 . It can be seen that the sodium titanate nanotube powders (Figure 3(a) ) contain Ti, O, C, and Na elements, with sharp photoelectron peaks appearing at binding energies of 458 (Ti 2p), 531 (O 1s), 285 (C 1s), and 1071 eV (Na 1s), respectively. The carbon peak is attributed to the adventitious hydrocarbon from XPS instrument itself. After the sodium titanate nanotube powder is deposited on the surface of FTO to form a film, it is found that no XPS peaks corresponding to Na element are recorded in the asprepared film (Figure 3(b) ). These results indicate that EPD is an effective way to remove the intercalated sodium in the sodium titanate nanotubes and the Na + can be detached from the nanotube when the nanotubes move towards anode and are coated on the surface of FTO during EPD, which is in good agreement with the previous studies [28] . Therefore, the phase structure of highly ordered film can be attributed to protonated titanate with a similar crystal structure of H 2 Ti 3 O 7 [29, 30] and H x Ti 2−x/4 x/4 O 4 (x = 0.75) [31] .
Using a simple hydrothermal treatment of crystalline TiO 2 particles with NaOH aqueous solutions, high-quality nanotubes with uniform diameter of around 7-15 nm were obtained and their specific surface area reached more than 400.0 m 2 /g [24] . Unfortunately, the obtained nanotubes are Figure 1 : FESEM images of (a) as-prepared sodium titanate nanotube powders, (b) as-prepared titanate nanotube films, (c) 300
• C-calcined titanate nanotube films, and (d) 500
• C-calcined titanate nanotube films. Inset in (a) is the corresponding TEM image. sodium titanate phase and showed no photocatalytic activity in our previous experiments [24, 25] . To prepare the highactive photocatalyst, the sodium titanate nanotubes should be carefully washed with HCl solution to remove the sodium ions intercalated in the nanotubes. However, the above ionexchange method is a time-wasting process and a lot of HCl solution is required [24, 25] . In this study, the EPD method provides a more effective and easy strategy for the removal of sodium in the titanate nanotubes. Based on the above results, it is clear that the self-assembly of highly ordered sodium titanate nanotube films was accompanied with the effective removal of sodium ions in the nanotubes during the EPD process, resulting in the final formation of protonated titanate nanotube film.
The effects of calcination temperature on the surface morphology of the titanate nanotube films are investigated. At 300
• C, the calcined nanotube films still maintain a similar ordered morphology of self-assembled titanate nanotubes. However, some broken and short rods can be clearly observed (Figure 1(c) ). According to the XRD results shown in Figure 2 amorphous phase after calcination at 300 • C. Therefore, the formation of 300
• C-calcined ordered structure (Figure 1(c) ) is probably due to the phase transformation from titanate to amorphous TiO 2 . When the calcination temperature increases to 400
• C (Figure 2(d) ), the diffraction peak at ca. 25
• is formed, indicating the further phase transformation from amorphous to anatase TiO 2 . With further increase of the calcination temperature to 500
• C, the titanate nanotubes are transformed into anatase TiO 2 nanorods with a length of 20-70 nm (Figure 1(d) ). When the calcination temperature is 600
• C, both the one-dimensional structures and their ordered assemblies are completely destroyed (data not shown), while XRD patterns suggest that the film samples show an enhanced crystallization with increasing calcination temperature. On the other hand, it should be noted that, when the calcination temperature is over 500
• C, the XPS peak of Na element (Figure 3(c) ) at the binding energy of 1071 eV appears again, which is associated with the migration of some sodium ions from the FTO glass into the films surface during heat treatment, in good agreement with our previous results [32] . Figure 4 shows the changes of water contact angle for the titanate nanotube films before and after calcination at various temperatures. It can be seen that the water contact angles for all the freshly prepared films were about 5
• . This may be attributed to the fact that all the freshly prepared films had a clear and roughened surface. However, when these film samples were stored in the dark in air for about 2 months, the water contact angles increased gradually to about 60∼65
• (Figure 4(a) ). This is ascribed to the fact that the surface is contaminated by adsorbing some gaseous contaminants from air and the surface defect sites can be healed or replaced gradually by oxygen atoms, which changes the surface wettability from a superhydrophilic to a hydrophilic state [33] . From the viewpoint of practical use and commercialization, it would be more valuable if the superhydrophilicity of the films could be remained much longer. Fortunately, the superhydrophilicity of the calcined titanate nanotube films could be fully recovered by UV illumination (Figure 4(b) ). However, the superhydrophilicity of the as-prepared titanate nanotube films cannot be recovered, suggesting that the conversion of those titanate nanotube films into ordered titania nanorods films upon calcination is significant for the recovering process. Moreover, the recovering rate of hydrophilicity of the calcined titanate nanotube films is obviously dependent on the calcination temperature. In particular, 500
• C-calcined films show the best photoinduced superhydrophilicity. This may be related to the synergetic effects of enhanced crystallization, surface roughness, and orderly assembled structures of the films. The enhanced crystallization of anatase film is beneficial for the separation of photogenerated charge carriers and thus showing a better photocatalytic activity. The subsequent faster degradation of the surface-enriched pollutant molecules is an important factor responsible for the more rapid change of the surface to the superhydrophilic state. Moreover, the favored separation and diffusion of photogenerated charge carriers facilitates the transfer of the photogenerated holes towards lattice O 2− anions, creating more oxygen vacancies [33] :
Consequently, water molecules may coordinate into the oxygen vacancy sites, resulting in more abundant surface hydroxyl, which is confirmed to some extent by the greater formation rate of •OH. The formation of •OH on the surface of the samples after UV irradiation can be detected by a PL technique using TA as a probe molecule (see below).
The ready reaction of photogenerated •OH with TA gave rise to highly fluorescent TAOH with typical PL signal centered at 425 nm. In addition, this PL intensity was proportional to the amount of •OH produced. the PL spectra for the various samples at fixed irradiation time (60 min). Clearly, the order of the formation rate of •OH for these films is showed as follows: 500
• C-> 400 • C-> 600
• C-> 300 • C-calcined > uncalcined, which is consistent with the change rate of hydrophobic to hydrophilic state illustrated in Figure 4 . In addition, the increased surface roughness coupled with abundant surface hydroxyl groups can adsorb and fix more water [15] to produce more •OH. Moreover, small micropores in the films can also produce a two-dimensional capillary phenomenon, which is supposed to be enhanced by the ordered assemblies of nanorod as reflected in Figure 1. 
Conclusions
Highly ordered sodium-free titanate nanotube films were one-step prepared on FTO substrate via an EPD method by using sodium titanate nanotubes as the precursor. The self-assembled formation of highly ordered sodium titanate nanotube films was accompanied with the effective removal of sodium ions in the nanotubes during the EPD process, resulting in the final formation of protonated titanate nanotube film. The calcination temperature has an obvious effect on the morphology and photoinduced hydrophilicity of the titanate nanotube films. At 500
• C, the prepared film shows the best photoinduced superhydrophilicity and the fastest formation rate of hydroxyl radicals, probably due to synergetic effects of good crystallization, surface roughness, and orderly assembled structures of the films.
